Hyperactive EGF receptor (EGFR) and mutant p53 are common genetic abnormalities driving the progression of non-small cell lung cancer (NSCLC), the leading cause of cancer deaths in the world. The Drosophila gene Dachshund (Dac) was originally cloned as an inhibitor of hyperactive EGFR alleles. Given the importance of EGFR signaling in lung cancer etiology, we examined the role of DACH1 expression in lung cancer development. DACH1 protein and mRNA expression was reduced in human NSCLC. Reexpression of DACH1 reduced NSCLC colony formation and tumor growth in vivo via p53. Endogenous DACH1 colocalized with p53 in a nuclear, extranucleolar location, and shared occupancy of À15% of p53-bound genes in ChIP sequencing. The C-terminus of DACH1 was necessary for direct p53 binding, contributing to the inhibition of colony formation and cell-cycle arrest. Expression of the stem cell factor SOX2 was repressed by DACH1, and SOX2 expression was inversely correlated with DACH1 in NSCLC. We conclude that DACH1 binds p53 to inhibit NSCLC cellular growth. Cancer Res; 73(11); 1-13. Ó2013 AACR.
Introduction
Lung cancer is the leading cause of cancer mortality worldwide with approximately 160,000 deaths reported each year in the United States (1) . Non-small cell lung cancer (NSCLC) constitutes approximately 80% of lung tumors and includes adenocarcinoma and squamous cell carcinoma, which are histologically distinct from small cell lung cancer (SCLC; ref. 2) . Several oncogenes are important in lung cancer including KRas and EGF receptor (EGFR), which are mutated in 15% and 10% of NSCLCs. Other activating genetic changes include overexpression of SOX2 and fusion proteins, including ALK and ROS and other translocations, which induce tyrosine kinase activity (3) (4) (5) . Inactivation of tumor suppressors occur, including the inactivation of p53, in which loss of heterozygosity (LOH) is observed in 60% and mutations arise in 50% (6, 7) . p53 functions as a transcription factor that senses the favorability of the local microenvironment, regulating gene expression and, thereby, a variety of functions, including senescence, energy metabolism, DNA repair, cell-cycle arrest, and apoptosis (8) . The function of p53 is mediated through binding proteins, altered cellular localization, and posttranslational modification (9) . p53 activation in vivo involves stress-induced stabilization via loss of binding to its negative regulators, including Mdm2 and Mdmx, with sequential recruitment of cointegrator complexes. The mechanisms enhancing p53 function are fundamental to the biology of p53 and tumor suppression.
The Drosophila Dac gene is a key member of the retinal determination gene network (RDGN), including eyes absent (eya), ey, twin of eyeless (toy), teashirt (tsh), and sin oculis (so), which specify eye tissue identity (10, 11) . Initially cloned as a dominant inhibitor of the hyperactive EGFR, Ellipse, in Drosophila, the mammalian DACH1 gene regulates gene expression of target genes, in part, through interacting with DNA-binding transcription factors (c-Jun, Smads, Six, and ERa), and in part through intrinsic DNA-sequence specific binding properties via Forkhead binding sequences (12) (13) (14) (15) . Clinical studies have shown a correlation between poor prognosis breast cancer and reduced DACH1 expression (15) and loss of DACH1 expression has been observed in prostate and endometrial cancer (14, 16) . Given that Dac was identified as a dominant inhibitor of Ellipse and the importance of hyperactive EGFR in human lung cancer, we examined the role of DACH1 in lung cancer cellular growth. These studies identified DACH1 as a novel p53 binding partner that participates in p53-mediated induction of p21 CIP1 and cellcycle arrest.
Materials and Methods
Cell culture, plasmid construction, reporter genes, expression vectors, DNA transfection, and luciferase assays Cell culture, DNA transfection, and luciferase assays using the Rad51-Luc, p21-Luc, and SOX2-Luc reporter genes were conducted as previously described (17, 18) . The H1299, HEK293T, H460, and HCT116 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum, 1% penicillin, and 1% streptomycin as previously described (15) . The expression plasmids encoding an N-terminal FLAG peptide linked to the DACH1, DACH1 C-terminal domain alone (C-term), or DACH1 C-terminal domain deleted (DC) were previously described (13) (14) (15) . The DACH1 C-terminal (C-term) and DACH1 C-terminal deleted (DC) were subcloned into the MSCV-IRES-GFP retrovirus vector. GFPpositive cells were selected by FACS. Cells were plated at a density of 1 Â 10 5 cells in a 24-well plate on the day before transfection with Superfect according to the manufacturer's instructions (Qiagen). For reporter gene assays, a doseresponse was determined in each experiment with 50 and 200 ng of expression vector and the promoter reporter plasmids (0.5 mg). Luciferase activity was normalized for transfection efficiency using b-galactosidase reporters as an internal control. The fold-change effect of expression vector was determined in comparison with the effect of the empty expression vector cassette, and statistical analyses were carried out using the t test.
Cell-cycle analysis
Cell-cycle parameters were determined using laser scanning cytometry. Cells were processed by standard methods using propidium iodide staining of cellular DNA. Each sample was analyzed by flow cytometry with a FACScan Flow Cytometer (Becton-Dickinson Biosciences) using a 488 nm laser. Histograms were analyzed for cell-cycle compartments using ModFit version 2.0 (Verity Software House). A minimum of 20,000 events were collected to maximize statistical validity of the compartmental analysis. Annexin V staining was conducted as described previously (19) .
Cell proliferation assays
H1299 cells infected with MSCV-IRES-GFP, MSCV-DACH1-IRES-GFP, MSCV-DACH1 C-term-IRES-GFP, or MSCV-DACH1DC-IRES-GFP were seeded into 96-well plates in normal growth medium, and cell growth was measured daily by MTT assays using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide. The tet-inducible p53 cell line H1299 was plated in growth medium in either the presence or absence of doxycycline (2 mg/mL; ref. 20) .
Immunoprecipitation and Western blot
Immunoprecipitation (IP) and Western blot assays were conducted in H1299, HCT116, and HEK293T cells as indicated. Cells were pelleted and lysed in buffer (50 mmol/L HEPES, pH 7.2, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L DTT, and 0.1% Tween 20) supplemented with a protease inhibitor cocktail (Roche Diagnostics). Antibodies used for IP and Western blot were: anti-p53 (DO-I) (SC-126), anti-FLAG (M2 clone, Sigma), and DACH1 (Proteintech, cat:10914-1-AP).
Protein-protein interaction by GST-pull-down assays
In vitro protein-protein interactions were done as described previously (21) . In vitro translated proteins were prepared by coupled transcription-translation with a TNT-coupled reticulocyte lysate kit (Promega) using plasmid DNA (1.0 mg) in a total of 50 mL. GST fusion proteins were prepared from E. coli. In vitro translated protein (15 mL) was added to 5 mg GST fusion protein of GST as control in 225 mL binding buffer [50 mmol/L Tris-HCl, 120 mmol/L NaCl, 1 mmol/L DTT, 0.5% NP40, 1 mmol/L EDTA, 2 mg/mL leupeptin, 2 mg/mL aprotinin, 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), and 2 mg/mL pepstatin] and rotated for 2 hours at 4 C. Glutathione-Sepharose bead slurry (50 mL) was added and the mixture was rotated for a further 30 minutes at 4 C. Beads were washed 5 times with washing buffer (1 mL), and binding buffer (30 mL) was added after the final wash. Sepharose beads were washed 5 times with lysis buffer and boiled in SDS sample buffer, and the proteins released were resolved by SDS-PAGE followed by Western blot.
Colony-forming assays
A total of 4.0 Â 10 3 H1299 cells were plated in triplicate in 3 mL of 0.3% agarose (sea plaque) in complete growth medium in the presence or absence of 2 mg/mL doxycycline overlaid on a 0.5% agarose base, also in complete growth medium. Two weeks after incubation, colonies more than 50 mm in diameter were counted using an Omnicon 3600 image analysis system. The colonies were visualized after staining with 0.04% crystal violet in methanol for 1 to 2 hours.
Immunohistochemistry
Immunohistochemical (IHC) analysis of human lung cancer was conducted using a polyclonal DACH1 antibody from Proteintech using the same approach as previously described (15) . Human lung cancer tissue arrays were from Biomax.
Microarray, cluster, and chromatin immunoprecipitation analysis DNA-free total RNA isolated from H1299 cells expressing p53 and/or DACH1 were used to probe human OneArray (Phalanx). RNA quality was determined by gel electrophoresis. Probe synthesis and hybridization were carried out as described previously (21) . Analysis of the arrays was conducted using GeneSpring. Arrays were normalized using robust multi-array analysis, and the P value of 0.05 was applied as statistical criteria for differentially expressed genes. These genes were then grouped using hierarchical clustering with "complete" agglomeration, and each cluster was further analyzed on the basis of the known function of the genes contained in the cluster. Expression profiles are displayed using Treeview. Classification and clustering for pathway-level analysis were done by using gene sets Analysis of Sample Set Enrichment Scores (ASSESS), available online. ASSESS provides a measure of enrichment of each gene set in each sample. Gene set enrichment was dependent on a concordance of at least 2 samples within the replicates that was opposite between phenotypes (15).
Binding sites for p53 in human lung fibroblasts were obtained from a chromatin immunoprecipitation sequencing (ChIP-Seq) analysis of chromatin occupancy by p53 following activation by 5-fluorouracil (5-FU; ref. 22) . High-confidence ChIP-Seq peaks were identified as described previously (22) . Genes regulated by p53 were identified by mapping ChIP-Seq peaks to gene coding regions (ChIP-Seq peak was located inside the transcribed region of the gene or within 20 kb of either end). Gene identifiers of p53-regulated genes were translated from gene symbol to ensembl gene identifier for comparison with DACH1 regulated genes. DACH1 binding sites were identified from ChIP-Seq of a breast cancer cell line stably expressing DACH1. ChIP-Seq peaks from DACH1 ChIP-Seq were mapped to the nearest proximal Ensembl gene identifier. Significant overlap in p53 and DACH1 regulated genes was tested using the hypergeometric distribution with all ensembl gene identifiers in Homo sapiens used as a reference set.
Nude mice study
About 1 Â 10 6 H1299 cells expressing p53 and/or DACH1 were implanted subcutaneously into 4-to 6-week-old athymic female nude mice purchased from the National Cancer Institute, NIH. The tumor growth was measured every 5 days for 32 days by using a digital caliper. Tumor weight was measured when mice were sacrificed on day 35 after cell implantation (15) .
Results

DACH1 abundance is reduced in NSCLC
IHC staining was conducted to detect DACH1 abundance in human lung cancer samples using an antibody from Proteintech, according to a previously described protocol (15) . Quantitation of the nuclear DACH1 staining among distinct human NSCLC tumors (n ¼ 97) and in 10 normal control samples showed an approximately 50% decrease in DACH1 immunopositivity (Fig. 1A) . DACH1 abundance was not reduced in SCLC or carcinoid tumors (Fig. 1A) .
In a separate cohort, the abundance of DACH1 was examined and shown to be reduced in cancer tissues (Fig. 1B) . DACH1 levels were decreased further in stage III versus stage I cancer (Fig. 1B) . In normal lung, DACH1 was identified within the lung epithelial cells (Fig. 1C) . Representative examples of IHC for DACH1 in different subtypes of lung cancer are shown in Fig. 1D .
In order to examine the mRNA expression of DACH1 in human lung cancer, Oncomine databases were interrogated ( Supplementary Fig. S1 ). The relative abundance of DACH1 was reduced 2-to 3-fold in NSCLC, compared with normal lung, in each of the databases. In contrast, DACH1 mRNA was increased in carcinoid tumors compared with normal lung (Supplementary Fig. S1E ; n ¼ 144, normal; n ¼ 157, NSCLC patients).
DACH1 binds to p53 via its carboxyl terminus
In view of the importance of p53 in NSCLC growth (7, 23), we considered the possibility that DACH1 may associate with p53. IHC staining was conducted of a tet-inducible p53 H1299 NSCLC cell line. The parental H1299 cell line is p53 null due to a homozygous partial deletion of the TP53 gene. Induction of p53 by tetracycline in the p53 H1299 line restored p21
CIP1 gene expression and cell-cycle arrest (24) . IHC staining of cells induced to express p53, showed nuclear p53 colocalized with DACH1 ( Fig. 2A; Supplementary Fig.  S2 ). Association of p53 with DACH1 was shown by IPWestern blot analysis (Fig. 2B) . IP with an antibody directed to the DACH1 N-terminal FLAG tag coprecipitated p53. Similarly, IP with a p53 antibody and subsequent Western blot for DACH1 evidenced coprecipitated DACH1 (Fig. 2B) . In order to determine whether endogenous p53 associated with DACH1, a cell line expressing p53 wild-type (wt) and DACH1 was assessed. DACH1 expression is reduced in NSCLC and many tumor cell lines. The human colon cancer HCT116 was found to express p53-wt and DACH1 ( Fig. 2C ; Supplementary Fig. S2B ). IHC staining showed a colocalization of DACH1 with p53 in a nuclear, extranucleolar distribution (Fig. 2C ). IP with an antibody directed toward endogenous p53 coprecipitated DACH1 (Fig. 2D ). In view of the reduced abundance of DACH1 in H1299 NSCLC, we investigated possible mechanisms governing the reduced expression. Cells were treated with the DNA methylase inhibitor 5 azacytidine (AZT) for 96 hours, either alone or with the addition of the histone deacetylase (HDAC) inhibitor trichostatin A (TSA; Supplementary Fig. S3 ). DACH1 abundance was induced by the addition of 5 azacytidine, TSA, and a combination of both, indicating that endogenous DACH1 abundance is reduced in H1299 NSCLC because of DNA methylation and histone deacetylation.
In order to determine whether DACH1 bound directly to p53, the DACH1 protein was purified as a 6-His-GST protein and p53 was expressed from in vitro translation (IVT). GST pulldown was conducted upon coincubation of DACH1 with p53. Comparison was made between the binding of DACH1-wt and the DACH1 DBD (183-293). p53-bound 6-His DACH1 (Fig. 2E ), but failed to bind the DACH1 DBD. The binding of DACH1-wt to p53 was greater despite the significantly lower abundance of 6-His DACH1-wt compared with DACH1 DBD by Western blotting to the 6-His epitope (Fig. 2E) .
To identify the domains of DACH1 required for binding to p53, a series of DACH1 mutant expression vectors were transfected into HEK293T cells (Fig. 2F ). p53 localized with DACH1 in the nucleus of HEK293T cells (Fig. 2G) . The N-terminal FLAG epitope was used to immunoprecipitate DACH1. Transfection of HEK293T cells with a series of DACH1 mutants showed that DACH1 bound to p53 and that the DACH1 C-terminus was sufficient for binding to p53 (Fig. 2H) . Deletion of the DACH1 Cterminus abolished binding to p53 (Fig. 2H ). These studies indicated that the C-terminus of DACH1 is required for binding to p53.
The DACH1 C-terminus is required for the enhancement of p53-mediated inhibition of contact-independent growth and cell-cycle arrest
In order to determine the functional significance of DACH1 binding to p53 via its carboxyl terminus, colonyforming assays and cell proliferation studies were conducted.
Either DACH1-wt, DACH1DC, or the DACH1 C-terminus were stably introduced into the tet-inducible p53 H1299 cell line. Tetracycline was used to induce p53. p53 expression inhibited colony formation, reducing both the number and size of colonies (Fig. 3A) . DACH1-wt expression inhibited colony formation to a similar level as p53 (Fig. 3B ). The DACH1 C-terminus was required for inhibition of colony formation in the presence of p53 (Fig. 3A) . DACH1 enhanced p53-dependent inhibition of colony size and number ( Fig. 3B-E) . The DACH1 C-terminus was sufficient to enhance a p53-mediated inhibition of colony formation. In the presence of p53, the expression of DACH1DC was defective in reducing colony formation, compared with DACH1-wt (Fig. 3C) , despite a relatively greater abundance of the DC protein expressed, based on Western blotting (data not shown).
DACH1 inhibits cell proliferation and enhances p53-dependent cell-cycle arrest
In order to determine the mechanism by which DACH1 enhanced p53-mediated inhibition of colony formation, we assessed cell proliferation, cell-cycle changes, and cellular apoptosis. p53 expression inhibited H1299 cell proliferation assessed using the MTT assay (Fig. 3F) . DACH1 expression inhibited cell proliferation and enhanced p53-mediated inhibition of cell proliferation (Fig. 3F) . The p53 binding-defective DACH1 mutant (DACH1DC) exhibited reduced p53-dependent (Fig. 3G) . In H460 cells with endogenous expression of p53, DACH1 inhibited cellular proliferation. However, the inhibition of cell proliferation by DACH1 was abolished when p53 expression was knocked down by p53 shRNA (Fig. 3H) . The C-terminal deletion mutant of DACH1 failed to repress cell proliferation either in the presence or absence of p53 (Fig. 3I) .
The effect of DACH1 on p53-dependent cell-cycle function was determined by fluorescence-activated cell sorting (FACS) analysis. Induction of p53 increased the proportion of cells in G 0 -G 1 (Fig. 4A) . DACH1 expression enhanced p53-dependent induction of G 0 -G 1 but deletion of the DACH1 C-terminus abolished this effect (Fig. 4A) . In the absence of p53, DACH1 had no effect on S phase but, in the presence of p53, it was associated with an inhibition of S phase. The induction of p53 reduced the proportion of cells in the S phase of the cell cycle at 24 hours (Fig. 4B) . DACH1 expression in the presence of p53 enhanced the inhibition of S phase. Deletion of the DACH1 C-terminus abolished the p53-dependent inhibition of S phase (Fig. 4B) . These findings suggest that DACH1 and p53 both inhibit S-phase cell-cycle progression and that DACH1 expression with p53 enhanced a G 0 -G 1 cell-cycle accumulation, requiring the DACH1 carboxyl terminus.
p53 induces apoptosis in H1299 cells when assessed by the sub-G 1 fraction of the cell cycle by FACS or by Annexin V staining (25) . Expression of p53 increased the proportion of cells in the sub-G 1 fraction at 24 hours, which was enhanced by DACH1 (Fig. 4C) . Deletion of the DACH1 C-terminus abolished DACH1-dependent enhancement of p53 apoptosis (Fig. 4C) . A similar observation was made when apoptosis was assessed by Annexin V staining (Fig. 4D) . In the distinct H460 NSCLC line that expresses p53, DACH1 inhibited S phase, requiring the DACH1 C-terminus. p53 short hairpin RNA (shRNA) (Fig. 4E) . Similarly, DACH1 induction of apoptosis assessed by Annexin V staining required the DACH1 C-terminus and was abolished by p53 shRNA (Fig. 4F ).
DACH1 inhibition of Rad51 and induction of p21
CIP1 requires endogenous p53
We next examined the functional significance of DACH1 on p53-dependent gene expression using the tet-H1299 cells and the known p53 target genes, p21 CIP1 and Rad51. An analysis of gene expression was conducted upon induction of either p53, DACH1, or the combination of both. The expression of p53 induced (Fig. 5A, in red) and repressed (Fig. 5A, in green) clusters of genes (representative example Fig. 5A ). DACH1 expression augmented p53-mediated induction of gene clusters (Genes 1; Fig. 5A ) and augmented repression of p53-repressed genes (Genes 2; Fig. 5A ). Thus, the combination of DACH1 and p53 expression augmented expression of common target genes shown. p21
CIPI is an important target of p53-mediated cell-cycle arrest (26) . Induction of DACH1 increased p21
CIP1 abundance approximately 3-fold (Fig. 5B) . Expression of DACH1 in the presence of p53 enhanced p21 CIP1 induction by p53 (Fig. 5B ). The expression of p53 enhanced p21 CIP1 promoter activity, which was augmented by the expression of DACH1, but not DACH1DC (Fig. 5C) . Expression of the DACH1-binding defective mutant p53-R248Q did not enhance p21 CIP1 transcriptional activity and DACH1 did not affect p21 CIP1 promoter activity in the presence of p53-R248Q, suggesting the effect of DACH1 on p21 CIP1 requires p53 association (Fig. 5D ). DACH1 induced p53 activity in cells. In order to determine the mechanism by which DACH1 induced p21 CIP1 and reduced Rad51 abundance, we examined the ability of DACH1 to regulate transcription using the promoter-regulatory regions of these 2 target genes assessed in luciferase reporter assays. DACH1 expression inhibited Rad51 promoter reporter activity in the presence of p53 (Fig. 5E ). In addition, the DACH1 DBD mutant repressed Rad-51 Luc reporter activity (Fig. 5F ). DACH1DC failed to repress Rad51 reporter activity (Fig. 5G) . As DACH1 bound p53 and induced p53 target expression, we considered the possibility that DACH1 may enhance p53-dependent transcriptional activity. We deployed a synthetic multimeric canonical p53 response element reporter gene (Fig. 5H) . In order to consider the possibility that DACH1 and p53 may bind to common genes in the context of chromatin, sets of genes binding p53 in IMR90 lung fibroblasts in ChIP Seq (22) were compared with genes binding DACH1, in ChIP Seq (22) . A total of 743 binding sites for p53 and 1844 binding sites for DACH1 were identified. 112 genes regulated by both DACH1 and p53 were identified (P < 1E À16 ; Supplementary Table S1) . Collectively, these studies show that DACH1 directly associates with the p53 tumor suppressor to enhance p53-dependent apoptosis associated with increased transcriptional activity at the p21 CIP1 target gene.
DACH1 enhances p53-dependent suppression of NSCLC tumor growth in vivo
In order to determine the significance of DACH1 inhibition of NSCLC in vivo, H1299 cells were stably transduced with an expression vector encoding DACH1 and/or p53. Tumors in nude mice were measured every 5 days, with terminal analysis at day 32 (Fig. 6) . Tumor weight was reduced by DACH1 or p53 and DACH1 expression further augmented p53-mediated growth suppression (Fig. 6A and B) . Expression of either DACH1 or p53 inhibited tumor growth and DACH1 enhanced p53-dependent tumor suppression (Fig. 6C and D) . Immunohistochemistry showed the induction of DACH1 and p53 by the inducible systems; however, DACH1 did not enhance p53 abundance. DACH1 expression enhanced p53-mediated induction of p21 CIP1 , and enhanced p53-mediated repression of RAD51 and Ki67 (Fig. 6E-J) .
DACH1 restrains SOX2 expression and transcription in NSCLC
In order to further examine the potential mechanisms by which DACH1 inhibited NSCLC, we considered SOX2 as an additional target. We examined expression profiles of DACH1, SOX2, and p53 in NSCLC (n ¼ 351) by creating a NSCLC metadatabase, as previously described, for breast cancer (21) . A comparison was made with expression in normal lung (n ¼ 74). DACH1 expression was reduced in NSCLC ( Fig. 7A and C) compared with normal lung and SCLC (n ¼ 38). Reduced DACH1 expression correlated with increased SOX2 in NSCLC. Low DACH1 expression was found in NSCLC of all stages (Fig.  7B) . In contrast DACH1 was increased in SCLC ( Fig. 7A and B) . Reduced DACH1 correlated with increased EGFR expression in a subset NSCLC patient samples (Supplementary Fig. S4 ). Patients with Low DACH1 and high EGFR predicted an approximately 1-year worse prognosis ( Supplementary Fig.  S4E ), compared with other tumors. In order to examine the mechanism by which DACH1 may repress SOX2 expression, we conducted transcriptional analysis using the SOX2 promoter linked to a luciferase reporter gene in H1299 NSCLC cell lines. DACH1 repressed SOX2, requiring the DACH1 C-terminus (Fig.  7D) . p53 repressed SOX2 and DACH1 enhanced p53 repression (Fig. 7D ).
Discussion
The current studies provide evidence that the cell-fatedetermination factor DACH1 directly binds and enhances several functions of p53 in NSCLC. The abundance of DACH1 was reduced in NSCLC, correlating with clinical stage. Reduced DACH1 abundance was shown in NSCLC, as measured by both RNA and protein abundance. Prior studies of DACH1 had shown reduced abundance of DACH1 in human malignancies, including breast cancer, prostate cancer, and endometrial cancer (14) (15) (16) . We examined expression profiles of DACH1 and p53 in NSCLC by creating a NSCLC meta-database, as previously described, for breast cancer (21) . A comparison was made with expression in normal lung. DACH1 expression was reduced in NSCLC (Fig. 7) , confirming oncomine analysis ( Supplementary Fig. S1 ). The current studies extend the spectrum of human tumors in which DACH1 expression is reduced.
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Genes 1
Genes 2 -2.9 0 2.7 Figure 5 . DACH1 enhances p53-dependent transcriptional regulation of Rad51 and p21 CIP1 . Microarray-based gene expression analysis (A), Western blot (B), and Luciferase reporter assays (C-H) were conducted in H1299 cells stably expressing p53 and DACH1 wt. In the microarray analysis, expression direction is color coded (red, increased; blue, decreased). Genes 1 represent a cluster of genes that are induced by p53 and that are further enhanced in their expression through expression of DACH1. Genes 2 is a cluster of genes that are repressed by p53 in which repression is enhanced by expression of DACH1. B, Western blot analysis of cells that were transduced with the DACH1-expressing retrovirus and p53 abundance was induced by tetracycline. Western blot was conducted with antibodies as indicated, with longer exposure (L.E.) or shorter exposure (S.E.) shown. C-H, in the reporter assays, DACH1, DACH1 DDBD, or the DACH1DC mutant were compared using either the Rad51 or p21 CIP1 promoter-luciferase reporters. The relative induction of luciferase activity was normalized to b-galactosidase and shown as fold change. Data are mean AE SEM for n ! 5 separate transfections. Activity of the multimetric canonical p53 response element luciferase reporter gene was assessed in transient expression studies after cotransfection with either DACH1-wt or the DACH1 mutants. Data are mean AE SEM for n > 5 separate transfections. the inhibition of colony number and size. DACH1 bound p53 to inhibit NSCLC cellular proliferation and colony formation. The carboxyl terminus of DACH1 was required for p53 binding, and was required for p53-dependent inhibition of colony formation and cellular proliferation. DACH1 inhibited S phase requiring the presence of p53. DACH1-induced p21 CIP1 and inhibited Rad51, requiring the p53 binding region of DACH1. Furthermore, DACH1 expression enhanced p53 signaling via a canonical p53 binding site. Collectively, these studies are consistent with a model in which DACH1 functions as an accessory tumor suppressor in the p53 pathway.
Recent studies showed the ability of DACH1 to inhibit the expression of tumor-initiating cells (18, 27) . Genome-wide expression analysis of mammary tumors showed DACH1 expression repressed a gene signature associated with stem cells, including Sox2, Nanog, and Klf4 (18) . As SOX2 amplification is a feature of NSCLC, we examined the possibility that DACH1 may repress SOX2, contributing to NSCLC tumor suppression. SOX2 is an amplified lineage-survival oncogene in lung squamous cell carcinoma (3) that is oncogenic in the lung (28) , with mutations identified in both NSCLC and SCLC. SOX2 expression is essential for lung development, can reprogram cells to pluripotency, and collaborates with FoxG1 in generating self-renewing neural precursor cells (29) . DACH1 binds the SOX2 gene promoter in ChIP-Seq and inhibits SOX2 expression in breast cancer cells (18) . DACH1 binds FOXO binding sites, competing with endogenous FOXO proteins in ChIP assays and antagonized FOXO signaling (12) . Thus, DACH1 inhibits 2 key pathways promoting stem cell renewal. DACH1 and SOX2 expression were inversely correlated in NSCLC but not SCLC and DACH1 repressed SOX2 via the promoter of SOX2. The DACH1-mediated repression of SOX2 was p53-dependent. SOX2 contributes to the expansion of several stem cell types. It has been proposed that a cancer stem or progenitor cell contributes to the onset of NSCLC (30) . The repression of SOX2 by DACH1 may contribute a mechanism to inhibit NSCLC.
The loss of normal stem cells is largely due to p53-p21 CIPImediated proliferative arrest, senescence, and apoptotic elimination (31, 32) . The diminished stem cell function observed in certain strains of mice encoding germ line alleles of mutant p53 (the gene encoding p53, also known as Trp53; refs. 33, 34) , and the diminished stem cell pool in Dach1 À/À mice (27) , is consistent with the possibility that DACH1 and p53 may also cooperate in stem cell function. It is known that p53 deletion improves stem cell function in mice, in particular with animals with short dysfunctional telomeres (35, 36) . p53 may reduce stem cell number through regulating the polarity of cell division, with recent studies showing that loss of p53 favors symmetric division of cancer stem cells (37) . DACH1 has been shown to regulate the polarity of mammary epithelial cells in 3D Matrigel (15) . It is possible that DACH1 and p53 may regulate stem cell signaling modules although common gene pathways, as ChIP-Seq analysis of p53 binding sites in IMR90 cells (37) compared with DACH1 binding sites, indicated approximately 15% of p53 binding sites also bound DACH1. The functional significance of p53 in DACH1-dependent regulation of cell polarity remains to be determined, but may provide an additional mechanism for coordinating progenitor cell expansion.
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